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ABSTRACT 
S o l a r  wind plasma and magnet ic  f i e l d  d a t a  from Mariner 
5 are used t o  i d e n t i f y  r o t a t i o n a l  d i s c o n t i n u i t i e s .  O f  t h e  40  
d i s c o n t i n u i t i e s  found,  3 6  w e r e  c l u s t e r e d  i n  t h r e e  d i s t i n c t  
t h r e e  t o  s i x  day i n t e r v a l s .  These t h r e e  i n t e r v a l s  were a l l  
c h a r a c t e r i z e d  by h igh  s o l a r  wind bu lk  v e l o c i t i e s ,  h igh  mag- 
n e t i c  f i e l d  magnitudes,  low d e n s i t i e s ,  and h igh  c o r r e l a t i o n  
between v e l o c i t y  and magnet ic  f i e l d  changes. Th i s  f i n a l  
c h a r a c t e r i s t i c  a long  w i t h  t h e  f a c t  t h a t  t h e  d e n s i t y  and 
magnetic f i e l d  magnitudes tended t o  be r e l a t i v e l y  s t e a d y  pro- 
vided s t r o n g  ev idence  t h a t  smooth Alfven waves were a l s o  pre- 
s e n t  du r ing  t h e s e  t i m e s .  The r o t a t i o n a l  d i s c o n t i n u i t i e s ,  which 
are s h a r p  c r e s t e d  Alfven waves, had p l a n e s  of  p o l a r i z a t i o n  which 
w e r e  g e n e r a l l y  10 - 20° away from t h e  p l a n e s  of  p o l a r i z a t i o n  o f  
t h e  smooth Alfven waves p r e v i o u s l y  mentioned. The p l anes  of 
p o l a r i z a t i o n  of  t h e  r o t a t i o n a l  d i s c o n t i n u i t i e s  were g r e a t l y  
d i f f e r e n t  from t h e  p r e f e r r e d  o r i e n t a t i o n  o f  t a n g e n t i a l  discon- 
t i n u i t y  s u r f a c e s  which w e r e  found by t h e  same s p a c e c r a f t ,  An 
examinat ion of  t h e  q u a l i t a t i v e  f e a t u r e s  of f a s t  plasma streams 
and slow plasma s t reams  r.evealed s e v e r a l  s t r i k i n g  d i f f e r e n c e s  
i n  t h e  behav io r  o f  t h e  magnet ic  f i e l d  and v e l o c i t y  and their 
f l u c t u a t i o n s ,  t h e  f i e l d  magnitude,  and t h e  d e n s i t y .  I t  i s  
sugges ted  t h a t  t h e s e  d i f f e r e n c e s  axe s i g n i f i c a n t l y  correlated 
w i t h  t h e  occur rence  of r o t a t i o n a l  d i s c o n t i n u i t i e s .  
In t roduc t ion  
I n  t h i s  paper,  s o l a r  wind plasma and magnetic f i e l d  d a t a  
f r o m  Mariner 5 a r e  used t o  i d e n t i f y  r o t a t i o n a l  d i s c o n t i n u i t i e s  
and Alfven waves i n  i n t e r p l a n e t a r y  space.  The r o t a t i o n a l  d i s -  
c o n t i n u i t i e s  w i l l  be compared wi th  Alfven waves and wi th  t a n g e n t i a l  
d i s c o n t i n u i t i e s  found by t h e  same spacec ra f t .  
There was an e a r l i e r  b r i e f  r e p o r t  by Turner and S i scoe  (1971) 
which staldied t h e  same r o t a t i o n a l  d i s c o n t i n u i t i e s  under cons ide ra t ion  
i n  t h i s  paper. However, t h i s  paper  expands t h e  o r i g i n a l  r e p o r t  
to inc lude  a l s o  the  comparison of r o t a t i o n a l  d i s c o n t i n u i t i e s  
w i t h  Alfven waves, examination of t h e  c h a r a c t e r i s t i c s  of t h e  s o l a r  wind 
away from t h e  d i s c o n t i n u i t y  and f i n a l l y  goes i n t o  more depth 
with regard  t o  t h e  s t a t e  of t h e  s o l a r  wind when t h e  d i scon t in -  
uities were found. 
There have been s e v e r a l  papers  which use t h e  magnetohydro- 
d y n m i c  approximation t o  p r e d i c t  t h e  p r o p e r t i e s  of r o t a t i o n a l  
d i s c o n t i n u i t i e s  which a r e  i n  f a c t  l a r g e  amplitude Alfven waves 
(see e,g, Colburn and Sonnet t ,  1 9 6 6 ) .  Observations of  Alfven 
waves were made by Coleman (1967) and Unti  and Neugebauer (1968) 
f ron Mariner 2 da ta .  More r e c e n t l y  Belcher e t  a l .  ( 1 9 6 9 )  have 
reported Alfven waves i n  Mariner 5 da ta .  
I n  t h i s  paper a s  c o n t r a s t e d  t o  t h e  previous r e p o r t s  of ALfven 
waves p a r t i c u l a r  a t t e n t i d n  w i l l  be focused on t h e  r o t a t i o n a l  
d i s c o n t i n u i t i e s  and they w i l l  be  examined a s  a  s u b s e t  of Alfven 
waves, A s  previous ly  mentioned, t h e  r e s u l t s  w i l l  a l s o  be com- 
psred w i t h  t a n g e n t i a l  d i s c o n t i n u i t i e s ,  I n  t h e  . ana lys i s !  done, 
a l l  t h r e e  components of both t h e  magnetic f i e l d  and veloci.t:y 
were a v a i l a b l e .  
The conclusions of t h i s  paper  a r e  t h a t  both r o t a t i o n a l  d i s -  
c o n t i n u i t i e s  and Alfven waves e x i s t ,  wi th  some d i f f e r e n c e s  in ~ 
t h e i r  p o l a r i z a t i o n s .  I n  a d d i t i o n ,  t h e  r o t a t i o n a l  d i scon t inu i -  
t i e s  have apprec iably  d i f f e r e n t  p lanes  of p o l a r i z a t i o r ; ~  f r o m  t h e  
o r i e n t a t i o n  of t h e  t a n g e n t i a l  d i s c o n t i n u i t y  p lanes .  Finally, 
t h e  rotatdronal d i s c o n t i n u i t i e s  and Alfven waves were only 
found under c e r t a i n  condi t ions  i n  t h e  s o l a r  wind. 
IZ, The Experiment 
The Mariner 5 s p a c e c r a f t  was launched June 1 4 ,  1967 towards 
an encounter  w i t h  Venus. The p e r i o d  o f  i n t e r e s t  of  t h i s  paper  i s  t h e  
first f o r t y  days of t h e  f l i g h t  because  t h e  d a t a  a c q u i s i t i o n  r a t e ' w a s  
highest dur ing  t h i s  t ime.  4 
.A s a t e l l i t e  c e n t e r e d  RTN c o o r d i n a t e  system was used:  t h e  R 
direction i s  r a d i a l l y  outward from t h e  sun ,  t h e  T d i r e c t i o n  i s  
parallel t o  t h e  s o l a r  e q u a t o r i a l  p l a n e  and p o s i t i v e  i n  t h e  d i r e c t i o n  
of p l a n e t a r y  motion, t h e  N d i r e c t i o n  i s  d i r e c t e d  northward a long  
R x TT, 
- - 
Magnetic f i e l d  measurements were made by a  l ow- f i e ld  v e c t o r ,  
helium magnetometer (Connor, 1968) ;  t h r e e  v e c t o r  f i e l d  r e a d i n g s  were 
obtained every  12.6 seconds f o r  t h e  f i r s t  f o r t y  days  and every 50.4 
seeonzs a:Eter t h a t .  The plasma d e t e c t o r ,  a  modulated g r i d  Faraday 
cxp (Lazarus -- e t  a l . ,  1967) po in t ed  a t  t h e  sun  and measured p o s i t i v e  
i o n  c u r r e n t s  i n  32  energy l e v e l s  from 4 0  t o  9 4 0 0  ev ,  w i t h  samples 
taken every 5 - 0 4  minutes a t  t h e  h i g h  d a t a  r a t e .  
Tks ~ a g n e t i c :  f i e l d  d a t a  cons ide red  i n  t h e  fo l lowing  a n a l y s i s  
were 5 - 0 4  minute averages  of t h e  12-6 second r e a d i n g s  t o  make t h e  
n a g ~ ~ c c i c  f i e i d  and plasma d a t a  comparable i n  t i m e .  The plasma 
parameters were ob ta ined  by f i t t i n g  an i s o t r o p i c  Maxwellian d i s t r i -  
bucLa.ii &c the d a t a ,  The u n c e r t a i n t i e s  i n  t h e  parameters  a r e  10% i n  
-IT dens-~;:h I% i n  t h e  r a d i a l c o m p o n e n t  of t h e  wind v e l o c i t y ,  VR,  360 
1" 
'i, r i n  radians) x V a f o r  V T r  and VNt and f i n a l l y  a  few t e n t h s  2 R 
03 qzrna f o r  t h e  magnetic f i e l d  components. 
S e l e c t i o n  o f  R o t a t i o n a l  D i s c o n t i n u i t i e s  
The s e l e c t i o n  of  r o t a t i o n a l  d i s c o n t i n u i t i e s  w a s  accomplished 
by a f i v e  s t e p  p roces s .  Three o f  t h e  s t e p s  (numbers 1 , 4 , 5 )  
are based on t h e  p r o p e r t i e s  of  r o t a t i o n a l  d i s c o n t i n u i t i e s  w h i l e  a 
two (numbers 2 , 3 )  are used p r i m a r i l y  t o  i n s u r e  r e l i a b l e  plasma 
and magnet ic  f i e l d  parameters  f o r  t h e  a n a l y s i s .  
The f i r s t  s t e p  s e l e c t e d  a l l  t i m e s  when - V changed by 25 krn/sec 
o r  more between consecu t ive  measurements. Th i s  i s  based  on t h e  
f a c t  t h a t  i n  t h e  p l a n e  of  p o l a r i z a t i o n  of  a r o t a t i o n a l  d i s c o n t i n -  
- -- 
7 u i t y  A V = +dB/  1 4 T? . I f  - B i s  on t h e  o r d e r  o f  - B t h e n  D - V is on 
t h e  o r d e r  of  t h e  Alfven speed.  I n  t h e  c a s e s  s t u d i e d  h e r e ,  this 
c o n d i t i o n  i s  t r u e .  S i n c e  V = 21.'8 B ( J ) /  fi (# / cc )  where VA As A 
t h e  Alfven speed  i n  km/sec, B i s  t h e  magnet ic  f i e l d  i n  gammas, 
3 
and n  i s  t h e  p o s i t i v e  i o n  number d e n s i t y  i n  p a r t i c l e s  p e r  cm , 7 m  
it can be  s e e n  t h a t  f o r  t h e  u s u a l  s o l a r  wind c o n d i t i o n s  liA = 2 5  
km/sec would b e  lower t han  most measured Alfven speeds .  Thus 
a l though  it i s  n o t  a  neces sa ry  c o n d i t i o n  t h a t l ~ ~ I > /  - 2 5  km,/sec, 
f o r  most r o t a t i o n a l  d i s c o n t i n u i t i e s  it can be expected t h a t  
it i s  t r u e .  
The second s t e p  was t aken  t o  i n s u r e  t h a t  t h e  plasma and magnetic 
f i e l d  parameters  used l a t e r  i n  t h e  a n a l y s i s  were t r u l y  r e p r e s e c t a t i v e  
of t h e  pre-  and p o s t - d i s c o n t i n u i t y  s o l a r  wind. I f  a , b , c , , d , e , f  are  
. consecu t ive  d a t a  p o i n t s  w i t h  t h e  v e l o c i t y  change of  25 krn/sec o r  more 
o c c u r r i n g  between p o i n t s  c  and d ,  t h e n  it was r e q u i r e d  t h a t  t he  
plasma and f i e l d  parameters  be r e l a t i v e l y  s t e a d y  between points 
arb, and c  and s i m i l a r l y  f o r  p o i n t s  d , e ,  and f :  By  r e l a t i v e i y  
steady i s  meant t h a t  t h e  parameters vary w i t h i n  a  s u b j e c t i v e l y  
defined l i m i t  ( genera l ly  1 0 % ) .  This  i n s u r e s  t h a t  t h e  s o l a r  wind 
sample which was used t o  compute t h e  va lues  a t  b  were e n t i r e l y  
on one s i d e  of t h e  d i s c o n t i n u i t y  and s i m i l a r l y  f o r  p o i n t  d. 
In l a t e r  a n a l y s i s ,  t h e  p re -d i scon t inu i ty  s o l a r  wind s t a t e  w i l l  b 
be given by p o i n t  b  and t h e  pos t -d i scon t inu i ty  s t a t e  by p o i n t  d ,  
The t h i r d  s t e p  was taken t o  opt imize t h e  r e l i a b i l i t y  of El x g2 
where B and B a r e  t h e  pre- and pos t -d i scon t inu i ty  magnetic f i e l d s  
---I -2 
r e s p e c t i v e l y .  This  c r o s s  product i s  important  because it i s  normal 
t o  t h e  p lane  of p o l a r i z a t i o n  of a  r o t a t i o n a l  d i s c o n t i n u i t y  and t h e  
surface of a  t a n g e n t i a l  d i s c o n t i n u i t y .  I f  El and g2 a r e  n e a r l y  
parallel o r  a n t i - p a r a l l e l ,  t h e  c r o s s  product i s  n o t  very r e l i a b l e ,  
The third s t e p  prevented t h i s  by imposing a l i m i t  on how c l o s e  
together B and B2 could be. Over t h e  averaging pe r iod  of B ,  a 
-1. - 
standard dev ia t ion  was computed f o r  each component. Let  ol b e . t h e  
largest of t h e  s t andard  dev ia t ions  f o r  t h e  components of t h e  magnetic 
f i e l d  a t  p o i n t  b and l e t  o2 be s i m i l a r l y  def ined  f o r  p o i n t  d. Let  
3c/!~] - be t h e  l a r g e r  of 3ol/ Eil I and 302/ /g2 1 . It was demanded t h a t  
The f o u r t h  s t e p  was introduced t o  i n s u r e  t h a t  t h e  fo l lowing two 
necessary condi t ions  f o r  a  r o t a t i o n a l  d i s c o n t i n u i t y  were s a t i s f i e d :  
for i s o t r o p i c  plasma, t h e  d e n s i t y  and magnitude of t h e  magnetic 
f i e l d  re~ain unchanged across  t h e  d i s c o n t i n u i t y .  Thus it was requ i red  
that ths d e n s i t y  and f i e l d  magnitude change by no more than  1 0 %  which 
i s  oc t h e  order  of t h e  u n c e r t a i n t i e s  i n  t h e  two parameters.  I t  should 
k e  rlcted t h a t  t h e  f i e l d  magnitude was measured s e p a r a t e l y  from t h e  
-F'e2?L - - components, Occasional ly,  t h e r e  would b& a s l i g h t  d i f f e r e n c e  
ketxweer, the f i e l d  magnitude and t h e  square  r o o t  of t h e  sum of t h e  
squares  of t h e  components. 
The f i f t h  and f i n a l  s t e p  was taken t o  v e r i f y  t h a t  another  
necessary cond i t ion  f o r  t h e  r o t a t i o n a l  d i s c o n t i n u i t y  no t  be v i o l a t e d -  
A s  mentioned previous ly  i n  t h e  p lane  of p o l a r i z a t i o n  t h e  changed 
8 
i n  V  - i s  e i t h e r  p a r a l l e l  o r  a n t i - p a r a l l e l  t o  t h e  change i n  B, - i , e ,  
AV = k AB/ . However s i n c e  t h e  v e l o c i t y  and magnetic fieEd 
- -
normal t o  t h e  p lane  remain unchanged ac ross  t h e  d i s c o n t i n u i t y ,  the  
o v e r a l l  change i n  v e l o c i t y  must be p a r a l l e l  o r  a n t i - p a r a l l e l  t o  t h e  
o v e r a l l  change i n  - B. To s a t i s f y  t h i s  cond i t ion ,  it was required t h a t  
A V - A B / ~ A V ~  - - - ~ A B I  - I 3  0.7. 
I n  a l l ,  t h e r e  were 40  events  which s a t i s f i e d  a l l  t h e  c r i t e r i a *  
Data from a  t y p i c a l  event  a r e  shown i n  Figure  1. 
Matrix Technique 
The major p o r t i o n . o f  t h e  a n a l y s i s  of t h e  d a t a  u t i l i z e d  a 
n ia t r ix  technique f o r  determining t h e  d i s t r i b u t i o n s  of s e t s  of 
vectors i n  t h e  r o t a t i o n a l  d i s c o n t i n u i t y  da ta .  Consider a s e t  of 
N measurements of a vec to r  A. The r e a l ,  sysrnrnetric ma t r ix  
- 
fl rk', (4  c k) 0, can be formed where J?p i s  t h e  A t h  component 
of t h e  k t h  vec to r .  The t h r e e  orthonormal e igenvectors  of t h e  
matrix g ive  an i n d i c a t i o n  of t h e  p r e f e r r e d  d i r e c t i o n s  of  t h e  s e t  
of vectors .  The s t r e n g t h  of t h e  p r e f e r r e n c e  can be found by 
A 2--2 i;i'b! eno)% ( i  : I,:E, ~ m >  computing c; - J where (3 - 
k 5  1 A" 
and ei i s  one -of t h e  t h r e e  e igenvectors  . Thus an i s o t r o p i c  d i  s- 
3- 2 ..a 
t r i b u t i o n  would y i e l d  LI=gII=E 111' On t h e  o t h e r  extreme, i f  a l l  
A 
t h e  vectors were alonq t h e  e I  d i r e c t i o n ,  t h i s  d i s t r i b u t i o n  would 
make g I 2 = ~ ,  6 I1 2= 6 II12=0. 
~t should be noted t h a t  i n  t h e  d i scuss ion  which fol lows er 
will be assoc ia ted  wi th  t h e  e igenvector  around which t h e  A ( ~ )  most 
- 
t end  t o  c l u s t e r ,  whi le  eIII w i l l  be a s s o c i a t e d  w i t h  t h e  e igenvector  
around which t h e r e  i s  t h e  l e a s t  tendency t o  c l u s t e r .  
Discuss ion  o f  R e s u l t s  
1. R o t a t i o n a l  D i s c o n t i n u i t i e s  
Of t h e  40  r o t a t i o n a l  d i s c o n t i n u i t i e s  found,  36 occu r red  
du r ing  t h r e e  d i s t i n c t  t h r e e  t o  s i x  day t i m e  i n t e r v a l s ,  T h e  
f i r s t  i n t e r v a l  from decimal  day 166 t o  168 (group I) con ta ined  
1 3  e v e n t s ,  t h e  second from day 178 t o  183 (group 11) con ta ined  
1 6  e v e n t s ,  and t h e  t h i r d  from day 193 t o  197 (group 111) 
con ta ined  7  e v e n t s .  The s o l a r  wind had very  s i m i l a r  qualita- 
t i v e  c h a r a c t e r i s t i c s  du r ing  t h e  t h r e e  group i n t e r v a l s .  In Figures 
2 ,  3 and 4 are p l o t t e d  t h e  d a i l y  averages  of VR, IBI ,  and n 
r e s p e c t i v e l y  and t h e  tbree groups are i n d i c a t e d  i n  t h e  figures, 
Within each of t h e  t h r e e  groups,  t h e  bu lk  v e l o c i t y  has  a 
r e l a t i v e l y  h igh  va lue ,  t h e  magnitude o f  t h e  magnet ic  f i e l d  also 
t ends  t o  be  h igh  wh i l e  t h e  number d e n s i t y  i s  somewhat low, 
I n  a d d i t i o n ,  I - B I and n  are r e l a t i v e l y  s t e a d y  d u r i n g  most of 
t h e  t i m e  i n  each group. The f o u r  e v e n t s  which d i d  not 
occur  du r ing  any of  t h e  t h r e e  groups w e r e  found on days 185, 
1 8 6 ,  202 ,  and 2 0 4  and a check of  F i g u r e s  2 through 4 w i l l  show t h a e  
t h e s e  days  were c h a r a c t e r i z e d  by some b u t  n o t  n e c e s s a r i l y  a l l  
the q u a l i t a t i v e  f e a t u r e s  of  t h e  t h r e e  groups.  These qualitative 
f e a t u r e s  w i l l  b e  d i s c u s s e d  i n  more d e t a i l  l a te r  i n  t h e  section 
d e a l i n g  w i t h  comparison o;E f a s t  and slow s t reams  i n  t h e  solar 
wind. 
There  were many s i m i l a r i t i e s  i n  t h e  l o c a l  c h a r a c t e r i s t i c s  
o f  t h e  d i s c o n t i n u i t i e s .  I n  F i g u r e s  5 through 7 . are 
shown p o l a r  p l o t s  of t h e  change i n  t h e  magnet ic  f i e l d  across 
khe d i s c o n t i n u i t y  f o r  events  i n ' e a c h  of t h e  t h r e e  groups.  I n  
all cases AB - i s  taken t o  p o i n t  outward, i . e .  ABR - > O .  I n  
each f i g u r e ,  R i s  taken a s  t h e  p o l a r  a x i s ,  s o  t h a t  t h e  p o l a r  
ang l e  8 i s  measured outward from t h e  c e n t e r  of t h e  p l o t .  The 
other angle, , i s  measured i n  t h e  TN p lane  and i s  taken t o  
increase  lockw wise away from t h e  p o s i t i v e  T d i r e c t i o n  toward 
t h e  p o s i t i v e  N d i r e c t i o n .  I n  a l l  t h r e e  groups &I tends t o  be 
i n  t h e  v i c i n i t y  of + - 90' f o r  most cases ,  whi le  i s  usua l ly  
> 60°, A q u a n t i t a t i v e  i n d i c a t i o n  of t h e s e  t r e n d s  can be given 
'ku 
by applying t h e  ma t r ix  technique and t h e  r e s u l t s  f o r  t h e  t h r e e  
groups are presented i n  Table 1. 
Table 1. - Eigenvectors f o r  t h e  Most Favored Di rec t ion  
of AB - Across a Rota t iona l  Discont inui ty  
Most of t h e  changes i n  t h e  d i r e c t i o n  of B - ac ross  t h e  
d i s c o n t i n u i t y  were r e l a t i v e l y  l a r g e  wi th  over  75% of t h e  events 
having changes of 30" o r  more i n  t h e  f i e l d  d i r e c t i o n .  En addition 
s i n c e  t h e  changes were p r imar i ly  i n  t h e  RN p lane ,  t h e  plasma bulk 
speed was s t r o n g l y  a f f e c t e d  s i n c e  t h e  v e l o c i t y  changes followed 
t h e  f i e l d  changes. Again i n  over  75% of t h e  c a s e s ,  VR and thus 
t h e  bulk speed changed by a  s i g n i f i c a n t  amount which was typically 
20  - 30 km/sec. Thus f o r  t h e  most p a r t  r o t a t i o n a l  d i s c o n t i n u i t i e s  
occurred w i t h i n  high v e l o c i t y  s t reams between r e l a t i v e l y  "fast" 
and "slow" moving plasma. 
That AB - should have a  s u b s t a n t i a l  N-component i s  no t  surprising 
i n  view of t h e  f a c t  t h a t  known damping mechanisms of magnetic 
f i e l d  f l u c t u a t i o n s  a r e  n o t  a s  s t r o n g  o u t  of t h e  s o l a r  e q u a t o r i a l  
plane a s  they a r e  wi th in  t h e  s o l a r  e q u a t o r i a l  p lane  (Belcher and 
Davis, 1970) . The RT p lane  i s  only a  few degrees away from th& 
s o l a r  e q u a t o r i a l  p lane ,  s o  t h a t  f l u c t u a t i o n s  i n  t h e  N-direction 
should i n  genera l  be s t r o n g e r .  This was confirmed by BeLcher and 
Davis (1970) us ing  d a t a  from Mariner 5. However t h e  s t rong  
preference  f o r  changes i n  BR t o  accompany t h e  changes in EN rnzy 
be a  c lue  a s  t o  how t h e  d i s c o n t i n u i t i e s  a r e  formed, s i n c e  t h e  B~ 
change must r e s u l t  i n  a  VR change. 
2.  Alfven Waves and Rota t iona l  D i s c o n t i n u i t i e s  
I n  a d d i t i o n  t o  f i n d i n g  r o t a t i o n a l  d i s c o n t i n u i t i e s  during t h e  
t h r e e  groups,  s t r o n g  evidence presented  i n  what fol lows 
a l s o  showed t h a t  Alfven waves were p r e s e n t  f o r  t h e  d u r a t i o n  
of t h e  group. This evidence of Alfven waves was n o t  p resen t  a t  
other times, It was previous ly  noted t h a t  t h e  d a i l y ,  a s  w e l l  a s  
h o u r l y ,  averages of n and I B I  - tend  t o  be r e l a t i v e l y  s teady w i t h i n  
t h e  three groups. Between t h e  i n t e r v a l s  of s teady n and I B I  - t h e r e  
would be some change i n  both q u a n t i t i e s  on t h e  t ime s c a l e  of a n '  
hour  o r  two. Hence t h e  t h r e e  groups were dominated by t h e s e  
intervals of l i t t l e  o r  no change i n  n and I B I  - on t h e  s c a l e  of 
o n e  hour, 
Fur ther  support  f o r  t h e  claim t h a t  Alfven waves were p r e s e n t  
came from t h e  very high c o r r e l a t i o n  of changes i n  v e l o c i t y  and 
magnetic f i e l d  during t h e  t h r e e  groups. The changes t h e  hour ly  
averages of V - and B were found from one hour t o  t h e  next .  The.  
- 
change i n  both q u a n t i t i e s  was normalized and t h e  d o t  product  of 
the ncrmalized changes was computed. I n  Figure  8 i s  shown t h e  
percentage of cases  f o r  each day when t h i s  d o t  product  i s  - > 0 . 9 0  
i n  absolute value.  C lea r ly  t h e  percentage i s  much h igher  dur ing  
the group i n t e r v a l s .  The cases  of h i g h e s t  percentage a l s o  occur  
within one of t h e  groups. A c l o s e r  look a t  t h e  d o t  product  revealed  
that during t h e  group i n t e r v a l s  t h e  d o t  product  was c o n s i s t e n t l y  
high for most o r  a l l  of t h e  day. Days n o t  i n  t h e  groups tended 
t o  fail i n t o  two c a t a g o r i e s ;  t h e  f i r s t  be ing  days when t h e  d o t  
product was low f o r  most o r  a l l  of t h e  day, t h e  second be ing  days 
when t h e  d o t  product was high f o r  f i v e  o r  s i x  consecut ive  hours 
and LOW t h e  r e s t  of t h e  day. The l a t t e r  category accounts f o r  t h e  
days ou t s ide  t h e  groups when t h e  percentage of d o t  products  - > . 9 0  
was high, 
The r e s u l t  t h a t  t h e  presence  o f   liven waves'was coincident 
w i t h  t h e  p re sence  o f  r o t a t i o n a l  d i s c o n t i n u i t i e s  s u g g e s t s  strongly 
t h a t  t h e  r o t a t i o n a l  d i s c o n t i n u i t i e s  e x i s t  i n  a sea o f  smoother 
Alfven waves as opposed t o  t h e  d i s c o n t i n u i t i e s  e x i s t i n g  in isolation 
from smoother Alfven waves. 
The d i r e c t i o n  i n  which t h e  Alfven waves f l u c t u a t e  upon the 
background magnetic f i e l d  may be  found and t h i s  d i r e c t i o n  may be 
compared w i t h  t h e  AB - a c r o s s  t h e  d i s c o n t i n u i t i e s .  To do this each 
day w a s  d iv ided  i n t o  e i g h t  segments. The point-by-point  changes 
i n  t h e  magnetic f i e l d  w i t h i n  each t h r e e  hour  segment c o n t a i n i n g  a 
r o t a t i o n a l  d i s c o n t i n u i t y  can be  computed and a most l i k e l y  direction 
of  f l u c t u a t i o n  found f o r  t h a t  segment by t h e  m a t r i x  t echn ique ,  Then 
t h e  most l i k e l y  d i r e c t i o n s  f o r  t h e  segments c o n t a i n i n g  d i s c o n t i n u i t i e s  
du r ing  each  group can be  combined t o  y i e l d  a most l i k e l y  direction 
of  f l u c t u a t i o n  f o r  t h e  Alfven waves n e a r  t h e  se t  of  d i s c o n t i n u i t i e s  
i n  t h e  group. The on ly  c r i t e r i o n  f o r  a c c e p t a b i l i t y  w a s  thzit  a 
segme,nt had t o  c o n t a i n  a t  l e a s t  h a l f  t h e  maximum number of d a t a  
p o i n t s .  The e i g e n v e c t o r s  r e s u l t i n g  from t h i s  f o r  each group are  
p re sen ted  i n  Table  2. 
. . 
Tab le  2.  - Eigenvec tors  f o r  t h e  Most l i k e l y  D i r e c t i o n  
of F l u c t u a t i o n  i n  - B f o r  Segments Conta in ing  
R o t a t i o n a l  D i s c o n t i n u i t i e s  i n  Each Group 
max 
" 1 e 1 - 3 6 5  .079 . 9 2 8 '  69' 85' 5.161 . 577  
T A l e  2 .  - Continued 
max 
8 "-551 .821 . I47  147' 1 0 '  1 .271  . I 4 1  III 
max 
max 
a"h 3 e, ,191  .939 -.285 79O 343' 1.387 .277 (N=5) $1 
A comparison o f  t h e s e  r e s u l t s  w i t h  t h o s e  f o r  AB - a c r o s s  t h e  
d i s c o n t i n u i t i e s  i n d i c a t e s  two f a c t s .  F i r s t ,  t h e  Q) a n g l e s  f o r  
t h e  most favored  e i g e n v e c t o r s  a r e  very  n e a r l y  t h e  same s o  t h a t  
t h e  o r i e n t a t i o n s  i n  t h e  TN p l ane  are very  s i m i l a r  f o r  a l l  t h r e e  
groups. Second, t h e r e  i s  a d i s t i n c t  d i f f e r e n c e  i n  6. The main 
fluctuations due t o  t h e  Alfven waves are 10-20' c l o s e r  t o  t h e  T N  
plane t han  i s  t h e  c a s e  f a r  t h e  d i s c o n t i n u i t i e s  f o r  a l l  t h r e e  groups.  
Thus ac t h e  whole, t h e  Alfven wave f l u c t u a t i o n s  t e n d  t o  l i e  c l o s e r  
t o  the N-axis by a s i g n i f i c a n t ,  non -neg l ig ib l e  amount, t h u s  sep- 
arating t h e  p l anes  of p o l a r i z a t i o n  of Alfven waves and r o t a t i o n a l  
d i s c o n t i n u i t i e s .  
3 .  Tangent ia l  D i s c o n t i n u i t i e s  and Rota t iona l  D i s c o n t i n u i t i e s  
Besides t h e  r o t a t i o n a l  d i s c o n t i n u i t i e s  d iscussed  h e r e ,  
a  number of  t a n g e n t i a l  d i s c o n t i n u i t i e s  were a l s o  found dur ing  
t h e  f i r s t  40 days of t h e  f l i g h t .  These t a n g e n t i a l  discon- 
t i n u i t i e s  were i d e n t i f i e d  by using t h e  s t e a d y - s t a t e  c r i t e r i o n  
and t h e  condi t ion  dea l ing  wi th  s t andard  d e v i a t i o n s  i n  - B 
previous ly  mentioned h e r e  f o r  events  i n  which t h e r e  w a s  a 20% 
o r  more change i n  dens i ty  between success ive  p o i n t s .  I n  
a d d i t i o n  t h e  p ressu re  balance equat ion  and t h e  cond i t ion  tha t  
A A 
AV - n  = 0 where n  = El x g2/(~I3.x I331 w e r e  checked f o r  validity 
across  t h e  t a n g e n t i a l  d i s c o n t i n u i t i e s .  I n  a l l ,  35 events  were 
i d e n t i f i e d  (Turner,  1971).  
There were s e v e r a l  q u a l i t a t i v e  and q u a n t i t a t i v e  d i f f e r e n c e s  
between t h e  t a n g e n t i a l  and r o t a t i o n a l  d i s c o n t i n u i t i e s .  The 
t a n g e n t i a l  d i s c o n t i n u i t i e s  occurred throughout t h e  40 days 
i n  no p a r t i c u l a r  p a t t e r n  and during both high and low speed 
streams whereas t h e  r o t a t i o n a l  d i s c o n t i n u i t i e s  occurred during 
only high speed s t reams and i n  t h e  t h r e e  groups. I n  a d d i t i o n ,  
t h e  t a n g e n t i a l  d i s c o n t i n u i t i e s  occurred wi th  wide ranges in f B  - 
and n  as  opposed t o  t h e  r o t a t i o n a l  d i s c o n t i n u i t i e s  which 
occurred dur ing  times of high iB( - and low n. 
The t a n g e n t i a l  d i s c o n t i n u i t y  p lanes  showed a  s t r o n g  
A preference  i n  o r i e n t a t i o n  as  determined by t h e  normal n, The 
p r e f e r e n t i a l  d i r e c t i o n  of x g2 a s  determined by t h e  matrix 
technique f o r  t a n g e n t i a l  and r o t a t i o n a l  d i s c o n t i n u i t i e s  i s  
presented in Table 3 and it can be noted immediately that B x B 
-1 -2 
is quite different for the two types of discontinuities. 
T a b l e  3. - Most Favored Direction of x g2 for 
Tangential and Rotational Discontinuities 
76O 10.162 (Tangential Discont) 
319' 6.287 
36' 4.025 (Group I) 
99 O 2.688 
329' 8,123 
52' 5.258 (Group 11) 
115' 2,619 
275' 4.874 
19 O 1.775 (Group 111) 
119 O 0.351 
Thus t a n g e n t i a l  and r o t a t i o n a l  d i s c o n t i n u i t i e s  d i f f e r  
markedly i n  t h e  o r i e n t a t i o n  of El x I33. I n  a d d i t i o n ,  t h e r e  
a r e  a l s o  sha rp  d i f f e r e n c e s  i n  t h e  s t a t e  of t h e  s o l a r  wind 
and i n t e r p l a n e t a r y  magnetic f i e l d  when they occur  as w e l l  as 
d i f f e r e n c e s  i n  t h e i r  p a t t e r n s  of occurrence i n  t i m e .  
. 
4.  A Comparison of F a s t  and Slow S o l a r  Wind Streams 
Since  both  Alfven waves and r o t a t i o n a l  d i s c o n t i n u i t i e s  
seem t o  depend heav i ly  on t h e  e x i s t e n c e  of f a s t  s o l a r  wind 
s t reams f o r  t h e i r  e x i s t e n c e ,  a  b r i e f  comparison of t h e s e  
s t reams wi th  slow s t r e a m s  may be i n  o rde r .  I n  t h i s  case ,  a 
s t ream i s  taken t o  be plasma flowing p a s t  t h e  s p a c e c r a f t  over 
a  four  o r  f i v e  day i n t e r v a l  wi th  bulk v e l o c i t i e s  which are 
c o n s i s t e n t l y  high ( i . e .  ,> 390 km/sec) o r  c o n s i s t e n t l y  lssw 
( i . e .  $350 km/sec) . I n ,  khi.s s e c t i o n ,  a l l  days which seemed 
t o  be i n  t r a n s i t i o n  regions  between f a s t  and slow streams 
were no t  considered. 
The average r a d i a l  v e l o c i t y  dur ing  t h e  f a s t  s t reams was 
438 km/sec a s  compared wi th  320 km/sec f o r  t h e  slow s t reams,  
F igures  3 and 4 i n d i c a t e  two q u a l i t a t i v e ' d i f f e r e n c e s  i n  values 
of I B I  - and n  during f a s t  and slow streams.  The averages of !B/ - 
and n  were 7.0y and 4 . 9  p a r t i c l e s / c c  r e s p e c t i v e l y  during f a s t  
streams and 4 . 6 y  and 1 2 . 4  p a r t i c l e s / c c  f o r  slow s t reams,  O n e  
c l e a r  r e s u l t  of t h i s  i s  t h a t  t h e  Alfven speed would tend t o  be 
much h igher  i n  t h e  f a s t  s t reams.  I n  a d d i t i o n  t o  d i f f e r e n c e s  
i n  f i e l d  s t r e n g t h  dur ing  f a s t  and slow streams4, t h e r e  a l s o  
appeared t o  be a s t r u c t u r a l  d i f f e r e n c e .  The f i e l d  imbedded i n  
t h e  slow streams has a p o s i t i v e ,  i . e .  r a d i a l l y  outward, p o l a r i t y  
35% of the t ime based on hourly averages,  whi l e  t h i s  f i g u r e  i s  
only 1 9 %  f o r  t h e  f a s t  streams. For bo th  types  of s t reams,  when 
there was  a per iod  of outward p o l a r i t y  it e i t h e r  p e r s i s t e d  f o r  
several hours o r  only appeared b r i e f l y  dur ing  t imes heav i ly  
dominated by inward p o l a r i t y .  A t  l e a s t  on t h e  s c a l e  of an hour,  
there were few i f  any cases  i n  which t h e  p o l a r i t y  changed back 
and f o r t h  f o r  s e v e r a l  hours.  
There were marked d i f f e r e n c e s  i n  t h e  v e l o c i t y  and magnetic 
field f l u c t u a t i o n s  dur ing  f a s t  and slow streams.  A comparison 
of t h e  flows can be  seen  from Figure  9 i n  which t h e  number of 
times per day A V I >  25 km/sec occurs  between consecut ive p o i n t s .  
- - 
From Figures  2 and 9 it can be e a s i l y  seen  t h a t  when t h e  bulk 
speed i s  high t h e r e  seem t o  b e  s e v e r a l  of t h e s e  changes each day 
w h i l e  for lower v e l o c i t i e s  t h e  number is' a t  o r  near  zero ,  It i s  
very p o s s i b l e  t h a t  a t  l e a s t  some of t h e s e  ab rup t  v e l o c i t y  changes 
could have been i d e n t i f i e d  as  r o t a t i o n a l  t i i s c o n t i n u i t i e s  i f  l e s s  
stringent condi t ions  f o r  acceptance had been imposed. This  i s  
especially t r u e  f o r  t h e  s t e a d y - s t a t e  condi t ion .  .During a l l  f a s t  
streams s t u d i e d  (except  f o r  o n e ) ,  the .R  d i r e c t i o n  was s t r o n g l y  
favored as t h e  most l i k e l y  d i r e c t i o n  f o r  f l u c t u a t i o n s  i n  V. I n  
- 
t h e  one except ion t h e  R and N d i r e c t i o n s  se&med t o  be on equal  
footing as t h e  most favored. For t h e  slow streams t h e  s i t u a t i o n  
is reversed, t h a t  i s ,  with t h e  except ion of one s t ream,  f l u c t u a t i o n s  
i n  t h e  R d i r e c t i o n  were d e f i n i t e l y  subordina te  i n  comparison wi th  
f i u c t u a t i s n s  i n  t h e  T N  p lane ,  I n  t h e  one except ion ,  t h e  most l i k e l y  
d i r e c t i o n  of f l u c t u a t i o n  was approximately mid-way between the 
R and N axes. Thus from Figure  9 and t h e  above mentioned findings, 
it i s  c l e a r  t h a t  sudden v e l o c i t y  changes i n  genera l  and VR changes 
i n  p a r t i c u l a r  a r e  much more l i k e l y  i n  f a s t  s t reams.  This allows 
f o r  t h e  p o s s i b l e  " c o l l i s i o n "  of  r e l a t i v e l y  h igher  and lower speed 
plasma wi th in  t h e  f a s t  stream. 
The d i f f e r e n c e s  between t h e  magnetic f i e l d  f l u c t u a t i o n s  i n  
t h e  f a s t  and slow streams a r e  n o t  q u i t e  s o  l a r g e .  I n  both cases 
t h e  N-direction played an important  r o l e  i n  t h e  f l u c t u a t i o n s ,  For 
t h e  f a s t  s t reams,  t h e  N d i r e c t i o n  was u s u a l l y  s t r o n g l y  favored as 
a  l i k e l y  d i r e c t i o n  f o r  f l u c t u a t i o n s ,  whi le ,  dur ing  slow streams 
t h e  most l i k e l y  d i r e c t i o n  f o r  f l u c t u a t i o n s  was i n  genera l  not as 
w e l l  def ined  a s  t h e  most l i k e l y  d i r e c t i o n  was f o r  f a s t  streams- 
In  a d d i t i o n ,  the  most l i k e l y  d i r e c t i o n  usua l ly  had t h e  T and N 
d i r e c t i o n s  making equal  o r  n e a r l y  equal  c o n t r i b u t i o n s ,  
The purpose of t h i s  s e c t i o n  of t h e  .discussion was to point 
ou t  some of t h e  d i f f e r e n c e s  between f a s t  and slow streams,  It 
would seem t h a t  some o r  a l l  of t h e s e  d i f f e r e n c e s  a r e  fundamental 
t o  t h e  occurrence of r o t a t i o n a l  d i s c o n t i n u i t i e s  s i n c e  they t e n d  
t o  be a s s o c i a t e d  wi th  t h e  f a s t  s t reams.  The r o t a t i o n a l  dis--  
c o n t i n u i t i e s  indeed seemed coupled t o . t h e  e x i s t e n c e  of smooth 
Alfven waves along w i t h  a  s i g n i f i c a n t  d i f f e r e n c e  i n  bulk speeds. 
Conclusions 
1, ~otational discontinuities exist in the solar wind and 
are imbedded in a sea of smoother Alfven waves in high 
velocity plasma streams. 
2, The change in magnetic field across the rotational dis- 
continuities tends to be 10 - 20' away from the direction 
favored for the fluctuations of Alfven waves. 
3. The tangential discontinuity normal tends to be oriented 
differently from that of the rotational discontinuities. 
4, There are significant differences between fast and slow 
s t r e m s .  Some of these differences such as velocity 
fluctuations, the magnetic field magnitude, and the 
number density probably are significantly correlated with 
the occurrence of rotational discontinuities. 
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FIGURE CAPTIONS 
Figure 1: Data from a t y p i c a l  r o t a t i o n a l  d i s c o n t i n u i t y  are 
p l o t t e d .  The p o s i t i v e  i o n  number d e n s i t y ,  t h e  magnetic 
f i e l d  magnitude, and t h e  RTN components of t h e  v e l o c i t y  
and magnetic f i e l d  are shown. 
Figure 2: The d a i l y  average of t h e  r a d i a l  component of  t h e  
plasma v e l o c i t y .  
Figure 3:  The d a i l y  average of t h e  magnitude of t h e  magnetic 
f i e l d .  
F igure  4 .  The d a i l y  average of t h e  p o s i t i v e  i o n  n  e r  density, 
Figure 5: The changes i n  t h e  magnetic f i e l d  a c r o s s  t h e  rota- 
t i o n a l  d i s c o n t i n u i t i e s  i n  group I a r e  p l o t t e d .  The R-axis 
i s  taken a s  t h e  p o l a r  a x i s  and a l l  changes a r e  taken $0 * 
p o i n t  outward s o  t h a t  t h e  p o l a r  angle  8 i s  0 <8< 90"  and 
- - 
i s  p l o t t e d  o u t  from t h e  c e n t e r  o f - t h e  diagram. The angle 
4 which is  i n  t h e  T N  p lane  i s  def ined  such t h a t  c$ = 0 i s  t h e  
p o s i t i v e  T d i r e c t i o n  and + = 90"  i s  t h e  p o s i t i v e  N d l y e z t i o n ,  
Figure 6 :  The changes i n  t h e  magnetic f i e l d  ac ross  t h e  rota- 
t i o n a l  d i s c o n t i n u i t i e s  i n  group I1 a r e  p l o t t e d .  The angles 
i n  t h e  diagram a r e  t h e  same a s  descr ibed  i n  Figure  5 ,  
F igure  7: The changes i n  t h e  magnetic f i e l d  across  t h e  rotational 
d i s c o n t i n u i t i e s  i n  moup 111 a r e  p l o t t e d .  The angles  in 
t h e  diagram a r e  t h e  same as descr ibed  i n  Figure  5. 
Figure 8: Changes i n  t h e  hourly averages of t h e  v e l o c i t y  and 
magnetic f i e l d  from one hour t o  t h e  next  were normahized 
and t h e  d o t  product  of t h e  normalized changes cornputeZ- 
I n  t h i s  F igure  i s  p l o t t e d  t h e  percentage of t imes f o r  
each day when t h e  d o t  product  was g r e a t e r  than  0 . 9 0  i n  
abso lu te  value.  
Figure 9, The n  ex of t imes each day when t h e  v e l o c i t y  changed 
by 25 km/sec o r  more between consecut ive d a t a  p o i n t s ,  
Day 179 
Figure I 








